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What I’ll talk about

• A quick large-scale structure  
cosmology intro

• A quick Dark Energy Survey intro

• A bit about weak gravitational lensing

• The DES Year 3 “3x2pt” analysis and 
challenges

• Cosmological constraints

• Was Einstein wrong?  (not yet, clickbait 
is real…)
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Large scale structure cosmology

• We have a concordance cosmological model, (flat) LCDM.

• Observationally solid, but what is L? (and what is CDM!!?)

• Strong constraints from mature geometrical probes:

• Standard rulers (BAO in CMB/galaxies)

• Standard candles (SN1a)

• Largely depend on background quantities e.g.  Average energy densities and expansion rate 
of the Universe.
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Dark Energy

Somewhat less 

strange stuff



Large scale structure cosmology
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• What about the perturbations?

• The statistics of the density field can tell 

us about the growth of structure –

complementary to geometrical 
information.

Image credit: Andrey Kravtsov and Anatoly Klypin



Testing ΛCDM: Is the late time clustering compatible with the 
ΛCDM prediction assuming initial conditions from the CMB?
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Image credit: NAOJ
As: Amplitude of primordial  

scalar density fluctuations.



Testing ΛCDM: Is the late time clustering compatible with the 
ΛCDM prediction assuming initial conditions from the CMB?
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Image credit: NAOJ
As: Amplitude of primordial  

scalar density fluctuations.

σ8: Amplitude of mass 
fluctuations (in 

8Mpc/h spheres) today.
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The Dark Energy Survey (DES)
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The Dark Energy Survey (DES)

• 570 Megapixel camera for the 
Blanco 4m telescope in Chile. 

• Full survey 2013-2019 (Year 3 

2013-16).

• Wide field: 5000 sq. deg. in 5 

bands. ~23 magnitude.

• DES Y3: Positions and shapes 

of > 100M galaxies.  
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Weak Gravitational Lensing
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<- For a point mass

<- In general



Weak Gravitational Lensing
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To first order, unlensed coordinates are transformed to
the lensed coordinates according to the lensing Jacobian

Galaxy ellipticities transform as  

APS/Alan Stonebraker; galaxy images from STScI/AURA, NASA, ESA, and the 
Hubble Heritage Team

Galaxies are randomly oriented (before lensing) so:

http://alanstonebraker.com/


Weak Gravitational Lensing
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Strong gravitational lensing:

• Prettier

• Much rarer!

Image credit: ESA/Hubble 
& NASA
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The Observables

We want to access the matter perturbations dm 

(because their e.g. 2-point statistics are 
sensitive to cosmology)
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The Observables

We use two observables to do this:

1. dg :  Counts of galaxies: 

< 𝛿!𝛿! >= 𝑏" < 𝛿#𝛿# >
b is the galaxy bias and is unknown…

“galaxy clustering”

10/29/21 Niall MacCrann 16

dg



The Observables
We use two observables to do this:

2. Weak lensing shear, g:

• Produces coherent galaxy ellipticities.

• Depends directly on projected dm:
< 𝛾𝛾 > ~ < 𝛿#𝛿# >
“cosmic shear”
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The Observables

We can also use the cross-correlation:

< 𝛿!𝛾 > ~ 𝑏 < 𝛿#𝛿# >
Also sensitive to galaxy bias

“galaxy-galaxy lensing”

“Lens galaxies”

“Source galaxies”
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dg × g



The Observables

Summarizing, we use…

1. Galaxy number density field dg

2. The weak lensing shear field g

i) < 𝛾𝛾 > ~ < 𝛿#𝛿# >
ii) < 𝛿!𝛿! >= 𝑏" < 𝛿#𝛿# >
iii) < 𝛿!𝛾 > ~ 𝑏 < 𝛿#𝛿# >
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< 𝛿#𝛿# >
(where <> means 2 point
correlation function or power 
spectrum)



The DES Year 3 analysis
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LCDM —— WL+LSS   —— Redshifts —— Shapes  —— Clustering    — Simulations —— Theory  —— Results



The Challenges: Shear estimation
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Galaxy images have:

• Complex morphologies (ellipticity not uniquely 
defined)

• Blurring due to the atmosphere / telescope optics 

• Noise

• Blending

Shear estimation biases parameterized 
as 



The Challenges: Shear estimation
Metacalibration

• A method for calibrating the shear 
estimate without requiring complex 
calibration simulations (Huff & 
Mandelbaum 2017, Sheldon & Huff 
2017).

• Generalized to full scenes in Sheldon, 
Becker, NM et al. 2020.

• But for blends between galaxies at
different redshifts, calibration simulations 
still required.
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Which is real vs simulated?

Simulate galaxy images in multiple photometric bands and apply the same measurement pipeline
MacCrann+2021
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Which is real vs simulated?

Simulate galaxy images in multiple photometric bands and apply the same measurement pipeline
MacCrann+2021

simulated real



Calibrate shear biases with image simulations

multiplicative error additive error

● Few percent multiplicative biases due to blending (-1.5 to -4% depending on 
redshift bin)

● Joint impact of blending on shear and photo-z characterized by effective 
redshift distribution

25

lensing shear

observed ellipticity

MacCrann+2021



The Challenges: Redshift estimation
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Phenotypic redshifts with self-organizing maps 3

Figure 1. Illustration of how redshift can be estimated from broadband images, yet not always unambiguously. Top: The same template
of an elliptical galaxy is redshifted at z = 0.4 and z = 0.8. These objects exhibit clearly di↵erent colors. Bottom: Templates of an
elliptical galaxy and a Sbc galaxy at di↵erent redshifts are plotted. In the optical (e.g. from griz information), those two objects are
indistinguishable: type and redshift are degenerate. Adding u and near-infrared bands – especially the H and Ks bands – di↵erentiates
them. Colored areas show relative throughput of DES ugriz and VISTA YJHKs bands. Galaxy templates are taken from Beńıtez et al.
(2004).

degeneracy at given broad-band flux from a larger sample
of galaxies than is possible to obtain accurate redshifts for.
In this scheme, the multi-band deep measurements thus me-
diate an indirect mapping between wide-field measurements
and accurate redshifts.

For the purpose of developing the method in this pa-
per, we will assume that the subset of galaxies with known
redshifts (1) is representative at any position in multi-band
deep field color space, and (2) has their redshifts charac-
terized accurately. While progress is being made towards
achieving this with spectroscopy (e.g. Masters et al. 2019),
or many-band photometric redshifts, which show promis-
ing performance (at least for a large subset of the source
galaxies measured in DES; Laigle et al. 2016; Eriksen et al.
2019), substantial work remains to be done on validating
this assumption in practical applications of our scheme, and
extending its validity to the fainter galaxy samples required
by future lensing surveys.

The paper is organized as follows. In § 2, we develop the
formalism of the method which is tested on a mock galaxy
catalog presented in § 3. The implementation of the method
with self-organizing maps is presented in § 4 and the fiducial
choices of features and hyperparameters are described in § 5.
The performance of the method with unlimited samples is
assessed in § 6. We then apply the method to a simulated
DES catalog in order to forecast its performance on ongoing
and future surveys. The DES Year 3 (Y3), i.e. the analysis
of the data taken in the first 3 years of DES, targets an un-
certainty in the mean redshift of each source tomographic
bin ��z ⇠ 0.01, which is unmatched for wide-field galaxy
samples with comparable data, and a main motivation for
this work. The sources of uncertainty and their impacts on

a DES Y3-like calibration are characterized in § 7. The im-
pact of the DES Y3 weak lensing analysis choices on red-
shift calibration are assessed in § 8. We describe the redshift
uncertainty on a DES Y3-like analysis in § 9 and explore
possible improvements of the calibration in § 10. Finally, we
conclude in § 11. A reader less interested in technical aspects
may wish to focus on § 2 and § 7.

We define three terms used in this paper that have vary-
ing uses in the cosmological literature. By sample variance
we mean a statistical uncertainty introduced by the limited
volume of a survey. By shot noise we mean a statistical un-
certainty introduced by the limited number of objects in a
sample. And the term bias is used for a mean o↵set of an
estimated quantity from a true one that remains after av-
eraging over many (hypothetical) random realizations of a
survey.

2 FORMALISM

In this section we develop a method based on galaxy pheno-
types to estimate redshift distributions in tomographic bins.
The method is applicable to any photometric survey with a
similar observation strategy to DES.

Assume two kinds of photometric measurements are ob-
tained over the survey: wide data (e.g. flux or colors), avail-
able for every galaxy in the survey, and deep data, available
only for a subset of galaxies. The dimensionality of the deep
data is higher by having flux measurements in more bands
of the electromagnetic spectrum. We shall denote the wide
data by x̂ with errors �̂. We will call the deep data x. We
will assume noiseless deep data, but confirm that obtainable

MNRAS 000, 1–24 (2019)

• Accurate redshift distributions n(z) 
required for theoretical predictions.

• Imaging surveys have a limited number 

of bands.

• Redshifts estimated from this very

crude spectrum.

• Degeneracy between galaxy type and 

redshiftBuchs et al. 2019



The Challenges: Redshift estimation

• In Year 3 we used a novel “SOMPZ” method (see Buchs et al. 2019, Alarcon et al. 2019, 
Myles et al. 2021).

• DES also has a smaller (~30 deg2) deep survey which has overlap with near infrared data 

(J, H, Ks bands – see Hartley, Choi et al. 2021). In this area, highly accurate and precise 
redshift estimation is possible. One can leverage this information via 
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Survey transfer function Precise redshifts
in deep fields

Accurate redshifts
in wide fields 



The Challenges: Theoretical Predictions

• Weak lensing observables are sensitive to the small-scale 
matter power spectrum (k>1 h/Mpc). Galactic 
astrophysics (“Baryonic effects”), affects the matter 

distribution here, much harder to simulate than gravity-
only sims.

• Nonlinear galaxy bias and intrinsic alignments becoming 
important:
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FIG. 3: Fractional impact of baryons on the matter power spectrum
at z = 0 for all the simulations described in Section II A from which
this quantity is available. The curves are collected from [17], [20]
and Marcel van Daalen (private communication). The small scale
upturn is representative of star formation and gas cooling, while the
suppression at scale of a few h Mpc�1 is due to feedback redistribut-
ing gas and dark matter in the simulation.

• The Illustris simulation2 [63–65] was the first cosmo-
logical simulation run using the moving-mesh code
AREPO [66]. It consists of a set of cosmological boxes
of 75h�1Mpc on a side run to z = 0. Three of the
simulations share the same and most complete sub-grid
physics model [67] at different resolutions, and addi-
tional runs in a dark-matter-only and non-radiative (adi-
abatic) scenarios are provided for comparison.

• The Next Generation Illustris simulation (Illus-
trisTNG)3, similarly run with AREPO, comprises three
tiers of simulations boxes (of 300, 100 and 50h�1Mpc
on each side) at different resolutions. Compared to Il-
lustris, it has seen developments in the sub-grid model
[68, 69], specifically in the treatment of kinetic AGN
feedback, galactic winds and magnetic fields, as well
as improvements in numerical implementation towards
flexibility and better hydrodynamical convergence.

A comparison of the impact of baryons on the matter power
spectrum from the different simulations was performed by
[17] and [20]. At z = 0, the simulation predictions differ on
the amplitude and scale-dependence of the impact of baryons
on the power spectrum, oscillating between a 10 � 30% sup-
pression of power at wavenumbers between a few and ⇠ 20h
Mpc�1, as shown in Figure 3. Such differences can be at-
tributed to multiple factors. The choice of sub-grid model, res-

2 http://www.illustris-project.org
3 http://www.tng-project.org

olution and the calibration strategy play a decisive role. The
results concerning the impact of baryons on the matter power
spectra for the simulations suites shown in Figure 3 were first
presented in [10, OWLS], [63, Illustris], [70, EAGLE], [71, Il-
lustrisTNG], [17, Horizon-AGN] and [20, MassiveBlack-II].

On the other hand, the hydrodynamical scheme (particle vs.
grid) can also have an impact in the results. Reference [17]
found evidence of a difference in the distribution of matter at
high redshift between OWLS and Horizon. At z ' 5, the im-
pact of AGN and supernova feedback is negligible, and this
difference was thus attributed to the numerical scheme. Most
simulations neglect the impact of neutrinos in the large-scale
distribution of matter. The exception is BAHAMAS, where
a subset of runs now includes massive neutrinos [72]. Using
these runs, reference [47] find that the impact of AGN and
massive neutrinos in the matter power spectrum is separable
to ⇡1-2 per cent accuracy in various statistics, including P(k).
They caution, however, that they have only verified this con-
clusion for a relatively small range of cosmologies and feed-
back models. Furthermore, this separability may not hold for
other extensions of the standard model, such as modified grav-
ity and dynamical dark energy.

We note that while all simulations shown in Figure 3 in-
clude feedback from SNe, this process by itself did not have
a strong impact on the matter power spectrum. It is possible
to adapt the implementation of SN feedback such that a sup-
pression similar to that of AGN feedback can be achieved, e.g.
by increasing the strength of SN feedback in high-density en-
vironments [see 10]. However, only simulations that include
AGN feedback have thus far been able to reproduce the ob-
served properties of groups and clusters.

Other simulations that have achieved similar volumes and
resolutions, which have not to this date been used to ex-
plore the impact of baryons on the matter power spectrum are
MUFASA [73], Simba [74], Romulus [75] and Magneticum
Pathfinder4.

• MUFASA is a simulation suite run using the GIZMO
meshless finite mass hydrodynamics code [76]. Its
fiducial run, evolved until z = 0, spans a cosmologi-
cal volume of (50 h�1 Mpc)3. The simulation shows
good agreement with the galaxy stellar mass function
(GSMF) in the range 0 < z < 4 and with the cosmic
star formation history. Reference [74] caution that the
GSMF is sensitive to the hydrodynamics methodology
within a factor of 2, but that this is sub-dominant com-
pared to the impact of different choices in parame-
terising stellar feedback. MUFASA does not include
AGN feedback in its sub-grid model but implemented
a heuristic quenching prescription to mimic its effect
[77].

• The Simba simulation suite follows on the MUFASA
prescription but adopts an updated sub-grid model that
explicitly includes AGN feedback [78, 79]. Only the

4 www.magneticum.org

Chisari et al. 2019



The Challenges: Theory Predictions

• We largely address these issues by throwing away 
information!
• Conservative scale cuts (see Krause et al. 2021 and 

Secco & Samuroff 2021)

• Extra nuisance parameters (see Pandey et al. 2019 for 
nonlinear bias model)

• Analytic marginalization schemes (see NM et al. 
2019 for “point-mass” marginalization)

• Theoretical uncertainties were our limiting systematics 
for DES Y3 cosmic shear 
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FIG. 12: Systematics limiting cosmology: A comparison of
the size of ⇤CDM-Optimized constraints in filled green

contours to those where observational systematics, both shear
and redshift priors, are fixed (yellow, dashed) and theoretical
systematics are ‘switched o�’, by fixing intrinsic alignment

parameters and including using the full scale-set that is
limited to mitigate baryonic e�ects (red, solid). The analysis
is not limited by observational systematics, but we find an

improvement in of ⇥1.8 in (8 uncertainty when fixing
theoretical systematics. The constraint fixing all systematics
(and therefore also using the full scale-set) is shown in blue.
The mean is individually subtracted from every constraint for

ease of comparing the constraining power. Both 68% and
95% confidence levels are shown.

Which e�ects dominate the uncertainty? How much could
lower-noise measurements improve cosmological accuracy in
the presence of these systematic e�ects?

Our baseline analysis marginalizes over 19 systematic pa-
rameters in addition to the 6 cosmological parameters. Of
course, this marginalization is necessary — ignoring system-
atic e�ects, as is done in the Tests 13 and 14 of Figure 7, will
produce biased inferences. In this investigation, we are not
interested in the incurred biases. As such, we plot posterior
distributions centered at zero to understand how ‘shutting o�’
the e�ects changes the size of posterior uncertainties in the
(8 �⌦m plane, as shown in Figure 12.

We divide the systematic e�ects into two classes. First,
we consider observational systematics, namely the redshift-
distribution and shear-measurement calibrations investigated
in detail in this paper. The uncertainties in these calibra-
tions are propagated by marginalizing over relevant nuisance
parameters, which expands the posterior distribution on cos-
mological parameters of interest—we will focus here on (8.
The impact of observational systematics on the fiducial (8
constraint can be illustrated by comparing to the case where

the relevant nuisance parameters are fixed. We will refer to
this case as ‘Fixed observational systematics’.

The second class is astrophysical or theoretical systemat-
ics, which arise from our incomplete knowledge of non-linear
processes in the Universe. This includes intrinsic alignments,
baryonic physics, and growth of structure in the nonlinear
regime, which are investigated in the companion paper [1].
The impact of marginalising over the intrinsic alignment model
on the posterior uncertainty can be tested by fixing its param-
eters. The baryonic/non-linear e�ects are ameliorated in the
analysis by imposing scale cuts on the data vector to retain
only elements for which the model is believed to be secure. In
other words, the intrinsic precision of the data is degraded in
order to maintain the accuracy of the model. To investigate the
loss of constraining power from this, we produce posteriors
that use the full b± data vector. We have already seen that
moving from Fiducial to ⇤CDM-Optimized scale selections
reduces uncertainties on (8 by ⇡ 1.5 ⇥ . We will refer to the
combination of fixing intrinsic alignment parameters and ex-
panding the b± data vector to all measured scales as ‘Fixed
theory systematics.’

From the starting point of the ⇤CDM-Optimized analysis,
we find that fixing observational systematics (yellow, dashed)
produces no significant improvement in the (8 posterior un-
certainty. Thus, the current uncertainties in shear and redshift
calibration are small enough that they do not degrade the re-
sults and we are not limited by observational systematics. On
the other hand, fixing only the theoretical systematics (red)
yields a substantially narrower (8 constraint, by roughly a fac-
tor fopt/ffixth. = 1.8. Therefore, the theoretical uncertainties
are costing about 2/3 of the Y3 power (in terms of variance)
on the cosmological parameters, with intrinsic alignment un-
certainty contributing slightly more than baryon-driven scale
cuts in limiting the cosmological precision. This suggests that
future decreases in measurement noise in b± may not lead to
concomitant decreases in cosmological uncertainties. The pre-
cise balance will depend upon how many more modes have to
be sacrificed to keep modelling accuracy below measurement
noise, and on how well the intrinsic alignment models can self-
calibrate from data. We note that this is a di�erent scenario to
the KiDS-1000 analysis, which is found to be statistics-limited
[17]. That analysis uses the simpler and more constraining
NLA intrinsic alignment model, COSEBIs measurements, in-
cluding small angular scales, and marginalises over non-linear
evolution.

Fixing both observational and theoretical systematic errors
leads to the blue posteriors in Figure 12. A small improve-
ment is seen over the fixed-theory result (⇥1.9 versus ⇥1.8
improvement, compared to the ⇤CDM-Optimized case), i.e.
the current state of knowledge on observational errors would
su�ce for a DES Y3 cosmic-shear measurement with negligi-
ble theory errors. The work on DES observational systematics,
presented in a series of papers [82–84, 91, 106, 107], has been
successful in avoiding a loss of constraining power in cosmic
shear. This does not imply that innovation is not required for a
similar statement to hold for any future cosmic shear analyses.
In particular, in DES Y3, uncertainties related to, for example,
the redshift calibration sample [82], or blending [91] increased

Amon et al. 2021



What I’ll talk about

• A quick large-scale structure  cosmology intro

• A quick Dark Energy Survey intro

• A bit about weak gravitational lensing

• The DES Year 3 “3x2pt” analysis and challenges

• Cosmological constraints 
(https://arxiv.org/abs/2105.13549)
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Drumroll….
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The Results: Internal consistency
Two correlated cosmological probes:

1. Cosmic shear (blue)
2. Galaxy clustering and tangential shear

(orange)

We find consistency between them.

Cosmic shear most sensitive to clustering 
amplitude.

Galaxy clustering and tangential shear more 
sensitive to total matter density.
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The Results: 3x2pt

● Combine these into the 3x2pt probe of large-
scale structure.

● Factor of 2 improvement in constraining 

power w.r.t. DES Year 1.

In ΛCDM:

In wCDM:
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The Results: Consistency in ΛCDM

We construct three independent data sets:
1. Weak lensing and clustering from DES 

(3x2pt)
2. The combination of other low-redshift non-

lensing data (Ext. Low-z): SNe Ia, BAO, RSD.
3. Planck CMB

● No significant evidence of 
inconsistency between DES Y3 
3x2pt and Planck CMB (0.7-
1.5𝜎 or p=0.13-0.48)
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The Results: Dark Energy
● 3% constraint on w when combined with 

external datasets

● No evidence for w!=-1 (i.e. consistent with 
cosmological constant)
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Open Questions….
● We found indications of systematic effects in some of the lens redshift bins. More work required 

on sample selection and characterization for angular clustering analyses

● Meanwhile the weak lensing constraints are significantly degraded by our conservative intrinsic 
alignment modeling choice – can we use priors from simulations or external data to improve on 
this for Y6 / LSST?

● How much can going beyond 2-point statistics improve constraining power to further test ΛCDM? 
Some papers exploring this are in prep. 

Papers available at: https://www.darkenergysurvey.org/des-year-3-cosmology-results-papers/
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